Introduction {#Sec1}
============

Gliomas are the most common primary brain tumours, with the WHO grade IV glioblastoma multiforme (GBM) being the most malignant. In GBMs the current standard treatment with radical surgical resection, radiation and temozolomide therapy results in a median survival of approximately 15 months^[@CR1]--[@CR3]^, although some patients survive several years after diagnosis. Only few prognostic biomarkers are of use in daily practise, like the methylation status of O-6-Methylguanine-DNA Methyltransferase (MGMT)^[@CR4]^ and mutational status of the Isocitrate dehydrogenase 1/2 genes^[@CR5]^. Identification of additional novel biomarkers is therefore crucial in order to better stratify the patients.

GBMs are characterized as highly vascularized, heterogeneous tumours with a profoundly infiltrative nature, leading to accelerated and aggressive disease progression. Nearly all GBMs recur after initial treatment efforts due to migrating tumour cells, which infiltrate the adjacent healthy brain parenchyma and escape surgical excision as well as radiation and temozolomide therapy. We have previously shown that these migrating tumour cells have a stem-cell like phenotype and are highly tumourigenic *in vivo*^[@CR6]^.

Early growth response protein 1 (EGR1) and Early growth response protein 3 (EGR3) are C2H2-type zinc-finger proteins, which belong to the EGR-protein family of transcription factors. EGR1 has been proposed to regulate the expression of genes involved in cell proliferation, growth and cell differentiation^[@CR7],[@CR8]^. In addition, EGR3 has been implicated in immune regulation^[@CR9]--[@CR11]^ and cell migration^[@CR12],[@CR13]^. Recently, EGR1 has been linked to the proliferation and self-renewal of brain tumour initiating cells^[@CR14],[@CR15]^, suggesting that early growth response proteins may be implicated in the maintenance of niche-populations of GBM cells. Based on this, we hypothesized that EGR1 and EGR3 may be associated with tumour progression, possibly mediated through promotion of tumour cell migration, and thus hold prognostic value in gliomas. EGR1 expression levels have been associated with patient survival in gastric^[@CR16]^, colorectal^[@CR17],[@CR18]^, and ovarian cancer^[@CR19]^, while EGR3 levels have been shown as a prognostic marker in gastric cancer^[@CR20]^ and breast carcinomas^[@CR21]^.

Since GBM cells diffusely migrate into the surrounding brain, and a fraction of these migrating tumour cells survive current treatment modalities, this population of treatment resistant tumour cells most likely plays a major role in tumour progression and ultimately patient prognosis. Investigations of novel targets or biomarkers rarely consider this aspect of heterogeneity. This is a major limitation in some studies, since the poor understanding of the biology of migrating tumour cells may help these cells escape novel therapies.

The objectives of this study were I) to investigate the protein expression of EGR1 and EGR3 in gliomas, II) to compare protein expression levels in tumour cells located in central, intermediate and peripheral tumour areas to uncover potential differential expression patterns in migrating and non-migrating tumour cells, and III) to investigate the prognostic potential of EGR1 and EGR3, including their combined prognostic value.

Materials and methods {#Sec2}
=====================

Patient inclusion {#Sec3}
-----------------

Archived formaline-fixed paraffin embedded glioma tissue samples from all consecutive patients that underwent brain tumour surgery at the Department of Neurosurgery, Odense University Hospital, in The Region of Southern Denmark, Denmark, between January 1, 2010 and December 31, 2014 were examined. A total of 207 patients had sufficient amounts of resected tumour tissue to be included in this study. All patients were followed from the date of surgery until death or date of censoring (March 1, 2018). A total of 34/207 patients (16.4%) were still alive at date of censoring. Median follow up was 15.0 months (range: 0.1--96.7 months). None of the patients had a record of previous brain malignancies, and no treatment was given prior to surgery. Only GBM patients were included in the multivariate cox-regression, and of these 144/190 patients (75.8%) received the standard of care Stupp treatment regimen^[@CR2]^, 23/190 patients (12.1%) received 34 Gy radiation, 5/190 (2.6%) received 59 Gy radiation, while 18/190 (9.5%) received no treatment and only had a biopsy specimen taken. All included tumour samples were re-classified according to the 2016 WHO classification of tumours of the central nervous system^[@CR22]^. Patient characteristics are presented in Table [1](#Tab1){ref-type="table"}. All experimental procedures in this study, including use of patient material and data, have been performed according to local and national guidelines and regulations, covered by permissions from the Danish Data Inspection Authority (approval number 16/11065) and the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-20150148). All tissue specimens used in this study were obtained after informed consent, as part of the standard of care therapy.Table 1Patient characteristics.VariableNumber (%)Male/FemaleDead/aliveAge, meanMedian survival in monthsEGR1%, meanEGR3%, meanAll patients207 (100)119/88173/3462.5115.1126.5951.0**WHO grade**II12 (5.8)8/42/1040.7854.247.1237.5III5 (2.4)3/23/254.6815.249.8551.0IV190 (91.8)108/82168/2264.0914.4928.2651.66**MGMT status (WHO IV)**Methylated94 (49.5)51/4376/1863.0818.1438.4151.0Un-methylated71 (37.4)46/2570/164.9513.9915.7252.0Unknown25 (13.1)11/1422/365.4511.2025.7150.0**ECOG Performance status (WHO IV)**0--1135 (71.1)82/53115/2062.4916.8929.4952.02--454 (28.4)25/2952/268.657.5925.3851.0Unknown1 (0.5)1/01/034.9245.6017.6120.0**Post-surgical treatment**Yes172 (90.5)99/73151/2163.9614.9828.1852.0Stupp144 (75.8)87/57123/2161.8916.0328.4453.0Radiation28 (14.7)11/1728/074.0710.5528.3947.0No18 (9.5)9/917/165.365.6529.0649.0

Tissue preparation {#Sec4}
------------------

Tissue microarrays (TMA) were made by sampling 2--3 cylindrical tissue cores with a diameter of approximately 5 mm from each patient tumour sample. A total of 183 patients had sufficient tissue for three tumour cores, while 24 patients had sufficient tissue for two tumour cores. The tumour cores were embedded into new paraffin TMA blocks and cut into histological sections of 3 µm on a microtome. The TMA tissue sections were then mounted on glass slides and stored at −80 °C until immunohistochemical staining.

Immunohistochemistry {#Sec5}
--------------------

Tissue sections were subject to deparaffinisation and heat-induced epitope retrieval (HIER) with either CC1- (EGR1) or TEG15 (EGR3) buffers using a microwave oven. Endogenous peroxidase activity was blocked with peroxidase inhibitor. Incubation with primary EGR1 antibody 1:50 (clone: 15F7, Cell Signaling Technology) or EGR3 antibody 1:2000 (clone: PA5--40841, ThermoFisher Scientific) was done using the BenchMark ULTRA platform (Ventana Medical Systems) with the OptiView-DAB detection system for EGR1 stainings, and the AutostainerPlus platform (DAKO, Glostrup, Denmark) with the catalyzed signal amplification system II for EGR3 stainings. Colon tissue served as a positive external control and was mounted on each slide. A tissue multiblock containing 27 different normal tissues and 12 different cancers served as both negative and additional positive control. Controls were systematically included in every staining procedure. All stained slides were digitalized using the NanoZoomer 2.0HT digital image scanner (Hamamatsu, Japan).

Automated quantitative image analysis of EGR1 stainings {#Sec6}
-------------------------------------------------------

The images were imported into the Visiopharm Integrator System Software 6.6.1 (Visiopharm, Hoersholm, Denmark), and each TMA core was manually evaluated to exclude necrotic areas and artefacts. A software-based cell classifier was programmed to identify the fraction of EGR1 positive cells and their mean staining intensity. To minimize the risk of detecting false positive cells, a threshold based on staining intensity was applied, thereby excluding all cells with staining intensity below this threshold. The performance of the classifier was assessed by manually examining all TMA cores after classification. A total of 29 TMA cores presented with insufficient classification, and therefore a slightly modified version of the classifier was applied on these cores for a more accurate result. Examples of tissue sections with the applied classifier are shown in Supplementary Fig. [1A--D](#MOESM1){ref-type="media"}.

Semi-quantitative scoring of EGR3 stainings {#Sec7}
-------------------------------------------

The EGR3 stainings were heterogenous and some tumour cores presented with a distinct nuclear staining pattern, while others showed diffuse cytoplasmic staining. An adequate Visiopharm cell classifier could not be applied to these stainings, and therefore a semi-quantitative assessment was used; Each TMA core was scored with regard to three different categories: 1) Estimation of the fraction of EGR3 positive nuclei (5% intervals), 2) the mean EGR3 intensity of positive cells, and 3) the area fraction of diffuse cytoplasmic EGR3 staining. Each category was given a score from 0--3, and the TMAs were furthermore divided into 3 groups based on their total score: group 1 = 0--3 points, group 2 = 4--6 points, group 3 = 7--9 points. A supplementary analysis of the fraction of EGR3-positive nuclei was performed in order to further dichotomize groups, with the median value used as cut-off. The scoring system with examples of scored tumour cores is outlined in Supplementary Fig. [1E--G](#MOESM1){ref-type="media"}. The researcher scoring the stainings was blinded to patient diagnoses and outcome, and reproducibility of the scoring system was tested by independently scoring all TMA cores twice.

Double immunofluorescence and automated quantitative image analysis of nuclear EGR1 and EGR3 protein expression in central vs. migrating tumour cells {#Sec8}
-----------------------------------------------------------------------------------------------------------------------------------------------------

The original cohort of 207 gliomas was screened for tumours with high expression levels of P53 protein (≥60% positive cells in central tumour areas) and simultaneous presence of areas with diffuse tumour infiltration. A subset of 21 GBMs fulfilled these criteria, and was included in the cohort. In these tumours, P53 expression was utilised to pin-point tumour cells in order to enable exact measurement of the tumour cell population through exclusion of P53-negative glial cells and neurons.

For P53/EGR1 double fluorescence stainings, deparaffinisation and HIER was performed, followed by blocking of endogenous peroxidase activity. Slides were then incubated for 60 min with primary ready-to-use P53 antibody (clone: DO7, Ventana Medical Systems), on the AutostainerPlus staining platform. Antibody detection was performed using the Catalyzed Signal Amplification II kit conjugated with FITC (CSA II, Dako). Following a second HIER, sections were incubated for 60 minutes with primary EGR1 antibody, 1:50, followed by detection with the anti-rabbit Tyramide Signal Amplification System Cyanine-5 (Perkin Elmer, USA). Nuclei were counterstained with VECTASHIELD Mounting Medium containing 4,6-diamidino-2-phenylindole (DAPI) (VWR International, USA).

For P53/EGR3 double-fluorescence stainings, deparaffinisation and HIER was performed as previously, and slides were incubated with primary P53 antibody for 32 minutes on the Ventana Discovery Ultra staining platform. Antibody detection was performed with DISCOVERY OmniMap anti-Ms HRP coupled with the DISCOVERY FAM Kit. After a second HIER, sections were incubated for 32 minutes with primary EGR3 antibody, 1:2000, and detection performed with DISCOVERY OmniMap anti-Rb HRP coupled with the DISCOVERY Cy5 Kit. Nuclei were counterstained as previously.

Bright field super images of all whole tissue sections were acquired at 1.25X magnification using the Visiopharm software coupled with a Leica DM6000 B microscope equipped with an Olympus DP72 camera and a Ludl motorized stage. Regions of interests (ROI) including central tumour area, areas with intermediate tumour cell infiltration and peripheral tumour, were manually outlined for each slide. The software was set to sample 10 images at 20X magnification from each ROI using a Meander number based sampling algorithm. All sampled images were reviewed to ensure acquisition of at least 5 acceptable images including a minimum of 20% tumour area from each ROI. Areas containing necrosis, vessels, bleeding, and artefacts were excluded from analysis. A cell-classifier was developed to distinguish between DAPI-stained nuclei, P53-positive nuclei, EGR1/3-positive nuclei and P53 + /EGR1/3+ double-positive nuclei (Supplementary Fig. [2](#MOESM1){ref-type="media"}). The area fractions and mean intensities of positive nuclei were quantified in all images.

Statistical analyses {#Sec9}
--------------------

Statistical analyses were performed with GraphPad Prism 5.01 and STATA 15.0. Comparison of mRNA and protein expression levels was performed with One-way-Anova tests and Tukey´s Post-tests for data with Gaussian distribution and Kruskal-Wallis tests and Dunn´s multiple comparison tests for data with non-Gaussian distribution. EGR1 and EGR3 correlation was investigated by Spearman rank correlation. Assessment of overall patient survival was performed with Kaplan-Meier estimators and Log-rank tests with EGR1/EGR3 expression values dichotomised at the median. Cox proportional hazards regression was performed to investigate and identify independent prognostic variables. The two radiation dosage regimens were combined into one common variable in the regression model. All assumptions in the Cox-regression model were tested, and a significant interaction between age and MGMT-methylation status was found. This interaction is outlined in Supplementary Fig. [3A](#MOESM1){ref-type="media"}. Data from The Cancer Genome Atlas (TCGA) GBM dataset and Ivy Glioblastoma Atlas Project (Ivy GAP)^[@CR23]^ was accessed through GlioVis^[@CR24]^ and used to supplement and elucidate relevant findings. P-values \< 0.05 were considered statistically significant. Error-bars represent mean ± SEM.

Ethics {#Sec10}
------

The study was approved by the Danish Data Inspection Authority (approval number 16/11065) and the Regional Scientific Ethical Committee of the Region of Southern Denmark (approval number S-20150148).

Results {#Sec11}
=======

EGR1 and EGR3 protein expression in gliomas {#Sec12}
-------------------------------------------

EGR1 protein expression was found in all 207 gliomas, but with considerable inter-tumour variation (Fig. [1](#Fig1){ref-type="fig"}). The fraction of EGR1 positive cells ranged from 1--83% and significantly increased with WHO grade (P \< 0.001) (means: grade II = 7.1%, grade III = 9.9%, grade IV = 28.3%, Fig. [1A](#Fig1){ref-type="fig"}). A significant difference between grade II and grade IV (P \< 0.001) and grade III and grade IV (P \< 0.05) was found, while grade II and grade III tumours did not differ significantly. The same results were found when analysing TCGA EGR1 mRNA data, which furthermore showed that the expression of EGR1 mRNA in normal brain tissue was significantly lower than in tumour tissue (data not shown). EGR3 protein expression was also found in all 207 gliomas with positive cell fractions varying from 5--95%. The mean variation between separate scorings of the EGR3-positive cell fractions was 7.3%. No significant association between EGR3 protein fraction and WHO grade was found (P = 0.13) (means: grade II = 37.5%, grade III = 51.0%, grade IV = 51.7%, Fig. [1A](#Fig1){ref-type="fig"}), and this was also the case for EGR3 mRNA data from TCGA (data not shown). In GBMs, expression of both proteins was found in peri-necrotic areas, pseudo-palisades and around local microvascular proliferations (Fig. [1B](#Fig1){ref-type="fig"}). No correlation between EGR1 and EGR3 protein expression levels was found (data not shown). Stratification of EGR1 and EGR3 mRNA data from TCGA by Verhaak subtypes^[@CR25]^ showed that neural and proneural GBMs had slightly lower levels of EGR1 mRNA compared to classical and mesenchymal tumours, while EGR3 mRNA levels were equally expressed in all tumour subtypes (Fig. [1C](#Fig1){ref-type="fig"}). When stratifying GBMs based on mutational status of IDH1/2, no significant differences in EGR1 or EGR3 protein levels were found in IDH1/2 wildtype vs. IDH1/2 mutated tumours (Fig. [1D](#Fig1){ref-type="fig"}).Figure 1EGR1 and EGR3 protein expression in gliomas. **(A)** EGR1 and EGR3 expression levels displayed in representative grade II, III and IV gliomas. Images were acquired at 40X magnification with scale bars = 50 μm. EGR1 protein expression significantly increased with WHO grade and the highest expression levels were found in glioblastomas. EGR3 protein expression levels were independent of WHO grade. (**B)** Expression of both EGR1 and EGR3 was seen in areas with characteristic histological traits of GBMs, including areas with necrosis, pseudopalisades and around microvascular proliferations. Images were acquired at 30X magnification with scale bars = 100 μm. N = Necrosis. P = pseudo-palisade. M = microvascular proliferation. (**C)** Verhaak subtype stratification of EGR1 mRNA TCGA data showed that neural and proneural glioblastomas have slightly lower EGR1 mRNA levels compared to classical and mesenchymal tumors, while EGR3 was equally expressed in all subtypes. (**D)** Stratification of EGR1 and EGR3 protein levels based on IDH1/2 mutational status in the patient cohort. No significant changes in EGR1 or EGR3 protein levels were observed. \* = P \< 0.05. \*\* = P \< 0.01. \*\*\* = P \< 0.001.

**EGR1 and EGR3proteinexpression in central, intermediate, and peripheral tumour cells** {#Sec13}
----------------------------------------------------------------------------------------

As expected, the mean fraction of tumour cells, identified by P53, significantly declined in both the intermediate tumour area (P \< 0.05) and in the tumour periphery (P \< 0.001) compared to the central tumour areas (Fig. [2A--C](#Fig2){ref-type="fig"}). The mean fraction of EGR1 + tumour cells significantly declined from central tumour to periphery (5.3% vs. 1.6%, P \< 0.05, Fig. [2D](#Fig2){ref-type="fig"}). When examining the mean EGR1 staining intensity in EGR1 + tumour cells, an intensity decline of 18.9% was found from central tumour (mean intensity = 62.6 AU) to periphery (mean intensity = 50.8 AU, Fig. [2E](#Fig2){ref-type="fig"}). Ivy GAP mRNA data showed a trending decline in EGR1 mRNA levels from central tumour to intermediate and periphery, however, the results were non-significant (P = 0.07, Fig. [2F](#Fig2){ref-type="fig"}). The mean fraction of EGR3 + tumour cells did not change significantly across the different tumour regions (central = 10.6%, intermediate = 8.2%, periphery = 8.5%, Fig. [2G](#Fig2){ref-type="fig"}). The mean EGR3 staining intensity in peripheral EGR3 + tumour cells (mean intensity = 172.7 AU) significantly increased by 13.8% when compared to central tumour cells (mean intensity = 151.8 AU, P = 0.04), indicating that peripheral tumour cells had higher expression of EGR3 protein compared to central tumour cells (Fig. [2H](#Fig2){ref-type="fig"}). Ivy GAP EGR3 mRNA data also showed a significant increase in mean EGR3 mRNA levels across the different tumour regions (central vs. intermediate P \< 0.001; central vs. periphery P \< 0.001; intermediate vs. periphery P \< 0.01, Fig. [2I](#Fig2){ref-type="fig"}).Figure 2Expression of EGR1 and EGR3 in infiltrating tumour cells. **(A--C)** Representative HE, P53, and double-fluorescence images with P53/EGR1 on tissue sections from one of the tumours included in the cohort. 1 = central tumour area. 2 = intermediate tumour area. 3 = peripheral tumour area. Scale bar = 2.5 mm. DAPI-stained nuclei = blue, P53-positive nuclei = green, EGR1/3-positive nuclei = red, double-positive nuclei, i.e. positive for both P53 and EGR1/3 = orange. (**D,E)** The EGR1 fraction and staining intensity in EGR1 + tumour cells was significantly reduced from central tumour to periphery. (**F)** Ivy GAP data showed a trending but non-significant decline in EGR1 mRNA levels between central tumour and tumour periphery. (**G,H)** The EGR3 fraction remained constant across the different tumour regions, while the mean staining intensity increased significantly in peripheral tumour cells compared to central tumour cells. **I)** Ivy Gap EGR3 mRNA data also showed an increase in EGR3 intensity in the intermediate and peripheral areas compared to central tumour. \* = P \< 0.05. \*\* = P \< 0.01. \*\*\* = P \< 0.001.

**EGR1 and EGR3 expression and overall patient survival** {#Sec14}
---------------------------------------------------------

In grade II (n = 12) and grade III gliomas (n = 5), no association between patient survival and EGR1 protein fraction nor EGR1 staining intensity was found. Results for EGR3 nuclear fraction, both as 5% incremental values and by semi quantitative scores 1--3, as well as nuclear intensity score and cytoplasmic area fraction score were also non-significant (data not shown).

In GBMs (n = 190), a high EGR1 protein fraction was associated with longer overall survival when compared to a low EGR1 fraction: Median survival 16.76 vs. 13.11 months (HR = 0.67; 95%CI = 0.49--0.91; P = 0.01, Fig. [3A](#Fig3){ref-type="fig"}). However, when adjusting for known clinical parameters in multivariate cox-regression, the results were non-significant (P = 0.95, Table [2A](#Tab2){ref-type="table"}), and EGR1 mRNA data from TCGA did not show any difference in overall survival between the two groups (Fig. [3B](#Fig3){ref-type="fig"}). When subdividing the tumours based on MGMT-methylation status, no difference in survival was found when looking at MGMT methylated (Table [2B](#Tab2){ref-type="table"}) and un-methylated groups (Table [2C](#Tab2){ref-type="table"}). Interestingly, 78/94 (83%) of patients with methylated MGMT-promoters were in the EGR1 high group with a mean EGR1-positive cell fraction of 38.4%, while 71/71 (100%) of patients with un-methylated MGMT-promoters were in the EGR1 low group with a mean EGR1 fraction of 15.72% (Fig. [4A](#Fig4){ref-type="fig"}). TCGA mRNA data showed a significant inverse correlation between EGR1 and MGMT mRNA levels (Fig. [4B](#Fig4){ref-type="fig"}).Figure 3Overall patient survival in different subgroups. Patient survival illustrated for different EGR1 and EGR3 subgroups in glioblastoma patients both measured by positive cell fractions found in the immunostainings and by mRNA expression data from TCGA. All groups were dichotomized at the median. (**A)** GBM patients with a high EGR1 nuclear fraction showed a significantly better prognosis compared to patients with a low EGR1 fraction. (**B)** EGR1 mRNA levels from TCGA did not show any difference in survival between the two groups. (**C)** Patients with a high EGR3 nuclear fraction were borderline significant of having a poor prognosis compared to patients with a low EGR3 fraction. (**D)** EGR3 mRNA levels from TCGA showed the same trend as EGR3 protein levels. (**E)** MGMT-gene promoter methylated patients with a high EGR3 fraction lived significantly shorter than patients with a low EGR3 fraction. (**F)** The same trend was found in EGR3 mRNA data from TCGA, although results were non-significant**. G)** When sub-stratifying patients from the EGR1 high group by EGR3 expression, the group with high EGR3 expression had significantly shorter survival compared to patients with low EGR3 expression. H) Sub-stratification of patients from the EGR1 low group by EGR3 expression did not result in survival differences between the two groups. HR = Hazard ratio.Table 2Multivariate Cox-regression for glioblastoma patients.VariableNo.BaselineEGR1EGR3HR (95% CI)P-valueHR (95% CI)P-valueHR (95% CI)P-value**(A) All patients**Age1901.02 (1.01--1.04)**0.004**1.02 (1.01--1.04)**0.004**1.02 (1.01--1.04)**0.003Post-surgical treatment**None181.001.001.00Stupp1440.51 (0.27--0.95)**0.03**0.51 (0.27--0.95)**0.03**0.54 (0.29--1.00)**0.05**Radiation280.95 (0.45--1.97)0.880.95 (0.45--1.98)0.891.06 (0.50--2.27)0.16**MGMT-methylation status**Unmethylated711.001.001.00Methylated940.51 (0.36--0.74)**0.001**0.54 (0.24--1.20)0.130.51 (0.35--0.74)**0.001IDH1/2 mutation**No1841.001.001.00Yes60.13 (0.03--0.56)**0.006**0.13 (0.03--0.56)**0.006**0.14 (0.03--0.62)**0.01ECOG Performance status**0--11351.001.001.002--4542.78 (1.81--4.31)**\<0.001**2.79 (1.81--4.31)**\<0.001**2.72 (1.76--4.21)**\<0.001Gender**Female821.001.001.00Male1080.94 (0.67--1.33)0.270.94 (0.67--1.33)0.270.94 (0.66--1.32)0.70**EGR1 fraction**Low95------1.00------High95------0.95 (0.43--2.11)0.91------**EGR3 fraction**Low95------------1.00High95------------1.26 (0.90--1.77)0.18**(B) Patients with methylated MGMT-promoter**.Age941.04 (1.01--1.06)**0.001**1.04 (1.01--1.06)**0.001**1.04 (1.01--1.06)**0.001Post-surgical treatment**None81.001.001.00Stupp760.20 (0.07--0.59)**0.003**0.20 (0.07--0.59)**0.004**0.12 (0.04--0.39)**\<0.001**Radiation100.42 (0.15--1.14)0.090.42 (0.15--1.14)0.090.35 (0.13--0.98)**0.045IDH1/2 mutation**No921.00n/a1.00n/a1.00n/aYes2n/an/an/a**ECOG Performance status**0--1661.001.001.002--4282.71 (1.39--5.29)**0.003**2.71 (1.39--5.29)**0.003**2.22 (1.10--4.45)**0.03Gender**Female431.001.001.00Male511.07 (0.66--1.75)0.771.07 (0.66--1.75)0.770.99 (0.61--1.61)0.96EGR1 fraction------------Low9------1.00------High85------0.99 (0.44--2.22)0.99------EGR3 fraction------------Low45------------1.00High49------------1.97 (1.19--3.28)**0.009(C) Patients with un-methylated MGMT-promoter**.Age710.99 (0.97--1.03)0.940.99 (0.97--1.03)0.941.00 (0.97--1.03)0.96Post-surgical treatmentNone81.001.001.00Stupp521.02 (0.42--2.47)0.961.02 (0.42--2.47)0.961.09 (0.42--2.85)0.86Radiation112.08 (0.66--6.57)0.212.08 (0.66--6.57)0.212.24 (0.66--7.67)0.19**IDH1/2 mutation**No671.00**0.01**1.00**0.01**1.00**0.01**Yes40.11 (0.02--0.60)0.11 (0.02--0.60)0.11 (0.02--0.59)**ECOG Performance status**0--1521.001.001.002--4193.43 (1.66--7.10)**0.001**3.43 (1.66--7.10)**0.001**3.53 (1.67--7.48)**0.001Gender**Female251.001.001.00Male460.95 (0.54--1.66)0.840.95 (0.54--1.66)0.840.97 (0.54--1.73)0.92EGR1 fraction------------Low71------1.00------High0------n/an/a------EGR3 fraction------------Low39------------1.00High32------------1.10 (0.64--1.90)0.72**(A)** Cox-regression for all 190 included glioblastomas showed independent prognostic value of patient age, Stupp treatment regimen, MGMT-methylation status, IDH1/2 mutational status and ECOG performance status. A high EGR1 fraction was found non-significant. (**B)** Cox-regression including patients with a methylated MGMT-promoter. Independent prognostic value was found for patient age, Stupp treatment regimen, ECOG performance status and EGR3 fraction. (**C)** Cox-regression including patients with an un-methylated MGMT-promoter. Independent prognostic value was found for IDH1/2 mutational status and ECOG performance status. n/a = not applicable. HR = Hazard ratio. CI = Confidence interval. Significant p-values are marked with bold numbers. Survival data was adjusted for known clinical parameters including patient age, post-surgical treatment regimens, MGMT-methylation status, ECOG performance status, IDH1/2 mutation status, gender as well as EGR1 and EGR3 fractions. All Cox-regressions were first performed as a baseline-model and subsequently with addition of EGR1 or EGR3 respectively.Figure 4MGMT-methylation distribution and multivariate cox-regression for EGR1/EGR3 combinations. **(A)** The distribution of MGMT-methylation status was highly skewed when looking at the two EGR1 groups: The majority of patients in the EGR1 high group had a methylated MGMT-promoter, while 100% of patients in the EGR1 low group had un-methylated MGMT-promoters. (**B)** TCGA mRNA data showed a significant inverse correlation between EGR1 and MGMT mRNA levels. (**C)** TCGA data showed that patients with recurrent GBM and high EGR3 mRNA levels had significantly shorter survival compared to patients with low EGR3 mRNA levels. (**D,E)** Multivariate Cox-regression of the different EGR1 and EGR3 combinations showed that patients with EGR1 high/EGR3 high had a worse prognosis than patients with EGR1 high/EGR3 low. \* = P \< 0.05. \*\* = P \< 0.01. \*\*\* = P \< 0.001.

As opposed to results for EGR1, a high EGR3 protein fraction seemed to be associated with poor patient survival, although just short of being significant: Median survival 12.55 vs. 16.72 months (HR = 1.35; 95%CI = 0.99--1.84; P = 0.052, Fig. [3C](#Fig3){ref-type="fig"}). In multivariate analysis, results were non-significant (P = 0.11, Table [2](#Tab2){ref-type="table"}). TCGA data showed the same trend of high EGR3 mRNA levels being associated with poor prognosis, but results were non-significant (P = 0.07, Fig. [3D](#Fig3){ref-type="fig"}). No association with patient survival was found for EGR3 nuclear fraction score, staining intensity scores, cytoplasmic staining scores, presence/absence of cytoplasmic staining or score groups based on total points achieved (Supplementary Fig. [3B--F](#MOESM1){ref-type="media"}). When subdividing the tumours based on MGMT-methylation status, the MGMT-methylated group with a high EGR3 cell fraction had a significantly shorter survival compared to the group with a low EGR3 cell fraction: Median survival 13.77 vs. 20.07 months (HR = 1.64; 95%CI = 1.04--2.58; P = 0.03, Fig. [3E](#Fig3){ref-type="fig"}). This result remained significant in multivariate cox-regression (P = 0.006, Table [2B](#Tab2){ref-type="table"}). TCGA data showed a similar, but non-significant, trend for EGR3 mRNA levels in MGMT methylated GBM (P = 0.16, Fig. [3F](#Fig3){ref-type="fig"}). In the MGMT-unmethylated group, no survival difference was found between EGR3 high vs. EGR3 low expression levels: Median survival 13.27 vs. 13.21 months (HR = 1.09; 95%CI = 0.68--1.75; P = 0.72). Furthermore, high EGR3 mRNA levels were associated with a significantly shorter survival in recurrent GBMs (HR = 11.00, P \< 0.001, Fig. [4C](#Fig4){ref-type="fig"}).

Combined prognostic value of EGR1 and EGR3 in glioblastomas {#Sec15}
-----------------------------------------------------------

The various combinations of EGR1 and EGR3 revealed that the groups differing the most were patients with high EGR1 levels, sub-stratified by their EGR3 expression (Fig. [3G](#Fig3){ref-type="fig"}). In the group with high EGR1 and simultaneous high EGR3 expression had significantly shorter survival compared to the group with high EGR1 and simultaneous low EGR3 expression: Median survival 13.54 vs. 19.14 months (HR = 1.68; 95%CI = 1.08--2.62; P = 0.02). In multivariate analysis, the difference remained significant (P = 0.005, Fig. [4D](#Fig4){ref-type="fig"}). In patients with low EGR1 expression, sub-stratification by EGR3 expression (Fig. [3H](#Fig3){ref-type="fig"}) was not significantly associated with any difference in overall survival: Median survival 14.00 vs. 11.60 months (HR = 1.28; 95%CI = 0.84--1.97; P = 0.27, Fig. [4E](#Fig4){ref-type="fig"}).

Discussion {#Sec16}
==========

The expression of EGR1 in gliomas has previously been investigated by Sakakini *et al*.^[@CR14]^ and Mittelbronn *et al*.^[@CR26]^, who found EGR1 expression in 82% and 100% of tumours respectively, which is similar to our findings of expression in all 207 investigated tumours. Both studies found a positive correlation between EGR1 fraction and WHO grade, which is also in accordance with our results.

We found that EGR1 protein expression decreased in migrating tumour cells, and a possible explanation for this finding could be that cells in the peripheral tumour regions are less exposed to the active tumour microenvironment present in central tumour, and thereby less exposed to cytokine signalling and hypoxia, which are known inducers of EGR1 expression^[@CR27],[@CR28]^.

The prognostic value of EGR1 in gliomas was also investigated by Mittelbronn *et al*.^[@CR26]^ and Sakakini *et al*.^[@CR14]^ who found that high EGR1 levels were associated with improved overall survival and progression free survival, respectively. In this study, we found a significant association between high EGR1 expression and improved overall patient survival in univariate analysis; however, the results were non-significant when adjusting for confounders. MGMT methylation status is known as a strong independent predictor of both progression-free survival and overall survival in GBM patients^[@CR29]^. Nearly all patients with high EGR1 expression had a methylated MGMT promoter, while most patients with low EGR1 expression had an unmethylated MGMT promoter. This uneven distribution of MGMT methylation status explains why the EGR1 fraction had no prognostic value after adjustment for MGMT methylation status. Mittelbronn *et al*.^[@CR26]^ and Sakakini *et al*.^[@CR14]^ did not include MGMT-methylation status in their studies, which most likely explains the differences compared to our study. The finding of a very high fraction of MGMT-methylated tumours having simultaneous high EGR1 expression raises the question whether EGR1 is involved in methylation of the MGMT promoter. Data from TCGA showed a significant inverse correlation between EGR1 and MGMT mRNA levels, which supports this hypothesis, and warrants further investigation of the interaction between EGR1 and MGMT.

EGR1 has been reported to act as a tumour suppressor in several cancers^[@CR30]--[@CR32]^, however, in prostate cancer, EGR1 has been proposed to be an oncogene^[@CR33],[@CR34]^, which may suggest a tissue specific biological function. In gliomas, it has previously been shown that overexpression of EGR1 in primary GBM cell cultures *in vitro* inhibits cell growth^[@CR35]^, thereby suggesting EGR1 as a tumour suppressor in gliomas. Its anticancer effect is likely mediated through regulation of and interaction with key tumour suppressors such as PTEN and P53^[@CR36]--[@CR38]^.

When looking at EGR3 expression and patient survival, we found that high EGR3 expression levels were associated with poor patient prognosis. We found an increase in EGR3 protein expression in migrating tumour cells in the periphery, suggesting that EGR3 plays a role in tumour cell migration, thereby indirectly causing accelerated tumour progression, which leads to poor patient outcome. Supporting this hypothesis, a decline of EGR3 expression has been shown to decrease motility of non-small cell lung cancer cells^[@CR39]^, while EGR3 has been associated with migration and invasion in hepatocellular^[@CR40],[@CR41]^ and breast carcinomas^[@CR21]^.

We did not find any association between cytoplasmic EGR3 localization and patient survival. However, the observed cytoplasmic EGR3 expression may have several functional implications; first it could indicate that tumour cells with this expression pattern have a high synthesis of EGR3 protein within the endoplasmatic reticulum, where it accumulates prior to nuclear translocation. Secondly, it has been shown that EGR3 protein accumulates around the microtubule organizing centers in dividing cells and is associated with microtubule formation^[@CR42]^, thereby suggesting roles in cell division and cytoskeleton organisation. The exact functional role of cytoplasmic EGR3 remains elusive, and should be further investigated with functional assays.

High nuclear levels of EGR3 remained significantly associated with poor patient survival in MGMT-methylated patients after adjustment for confounders, as did the combination of EGR1 high/EGR3 high compared to EGR1 high/EGR3 low. However, since the vast majority of patients in the EGR1 high group had methylated MGMT promoters, the composition of the EGR1 high/EGR3 high group closely resembled the EGR3 high group sub-stratified from MGMT-methylated patients, and hence the combinations of EGR1 and EGR3 expression levels did not augment the prognostic value of either marker.

MGMT-methylation is predictive of positive response to temozolomide chemotherapy, and the poor prognosis of patients with high EGR3 expression in this group does raise the question whether EGR3 is implicated in resistance to temozolomide chemotherapy. EGR3 gene expression has previously been shown to increase in breast-cancer-associated fibroblasts after treatment with taxotere^[@CR43]^, and furthermore it has been shown that tissue samples from patients with recurrent breast cancer had elevated levels of EGR3 compared to the matched primary tumours^[@CR44]^. In gastric and colon cancer cell lines, it has been shown that EGR3 has binding sites in several genes related to 5-fluorouracil resistance^[@CR45]^. This supports the hypothesis that EGR3 may have a protective function against chemotherapy, and although no direct association between EGR3 and temozolomide resistance has been described previously, it might be a relevant mechanism that could partly explain our findings.

Overall, our findings suggest that high EGR3 protein expression was associated with a poor prognosis in GBM patients with a methylated MGMT-promoter, while EGR1 expression was not associated with prognosis after adjustment for clinically relevant confounders. To our knowledge, EGR3 has not previously been investigated in gliomas, and our findings raise new questions about the role of EGR3 in GBM biology; the results indicate that EGR3 may be implicated in GBM cell migration and possibly also chemoresistance -- two main features associated with treatment resistance and poor patient prognosis. Future research should aim to investigate and validate a potential role of EGR1 in the context of MGMT-methylation and the biological implication and prognostic value of EGR3 in GBMs.
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